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Abstract

:

Traditional shaft-sealed centrifugal pumps exhibit problems, such as liquid leakage and reduced efficiency, due to mechanical seal failures. To address the issue, the bearingless direct-drive centrifugal pump system (BDDCPS) has been designed with bearingless motor technology. This may cause a new issue of rotor eccentricity displacement, which can lead to a reduction in pump performance. Compared to a stable state, the changes in characteristics, such as flow rate, head, and pressure, during the transient start-up process are more severe, increasing the likelihood of system failure and requiring greater attention. In order to ensure safety and reliable operation during the transient start-up process, this paper investigates the working principle of the BDDCPS and analyzes transient start-up characteristics with three different start-up methods. The external characteristics, pressure field distribution, velocity field distribution, and hydraulic losses analysis of the pump are determined for comparative analysis. Finally, it is found that the linear acceleration start-up method is the most suitable and efficient for the BDDCPS.
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1. Introduction


The bearingless permanent magnet slice motor (BPMSM) is a new type of electric drive device, which not only has the advantages of magnetic bearings, including no mechanical contact, no wear, low noise, and a long life [1,2,3] but also the advantages of a permanent magnet motor, including a high power factor and a high-efficiency interval [4,5,6]. The structural design of a slice rotor effectively reduces the difficulties in controlling the system in the axial direction, and the system can successfully realize full suspension operation in 5-DOF [7,8]. The centrifugal pump system driven by this motor (named “BDDCPS”) can achieve leak-free and high-purity transportation of liquids, which meets the requirements for the sealing and handling of pure liquids in the fields of energy and chemicals, semiconductor manufacturing, biomedicine, etc. [9,10]. Therefore, the BDDCPS has great application value.



In today’s bearingless pump systems, which have successfully been launched on the market, a two-phase bearingless motor with a symmetrical configuration of the drive and bearing windings is used to actively control the impeller of the pump. In recent years, scholars from various countries have carried out some remarkable work in this field. Li et al. designed a highly integrated phase-power electronic digital controller and used it to control a 4 kW bearingless direct-drive centrifugal pump. The reliability of the constructed controller was verified with the results of operating parameters, such as speed, flow rate, and radial displacement, during the actual operation of the system [11]. Puentener et al. studied the effect of impeller geometry on the hydraulic performance and hemolysis performance of a bearingless direct-drive centrifugal pump. By increasing the radial clearance between the impeller and the pump head, the compatibility of the battery was improved [12]. Zhang et al. constructed a complete design guide for a bearingless direct-drive centrifugal pump. As the bearingless direct-drive centrifugal pump is a multivariable system, the system design should not only comprehensively consider the characteristics of the motor (torque output, passive control, active control) but also consider the output characteristics of the centrifugal pump. The authors constructed corresponding activity factors and evaluation functions as design indicators to provide a reference for other scholars to construct bearingless direct-drive centrifugal pumps [13]. Krishan et al. designed a bearingless built-in permanent magnet-slice motor for driving centrifugal pumps. Through finite element software, they explored the performance of various built-in rotors and sought the optimal rotor scheme with the goal of cogging torque and displacement fluctuation. Under the premise of maintaining the centrifugal pump specification unchanged, the magnetic stiffness of the system and the output capacity of both torque and suspension force were effectively improved [14]. Yang et al. proposed a novel centrifugal blood pump system driven by a homogeneous, bearingless switched reluctance slice motor. In this blood pump device, the permanent magnet on the pump head rotor was transferred to the stator of the motor, and the bias magnetic flux generated by the stator permanent magnet ring formed a closed vertical magnetic circuit with the pump head rotor; thus, it effectively improved the stiffness of the passive suspension and the radial positioning ability of the rotor [15].



Many such scholars have achieved great success in the aforementioned fields. However, there is relatively little research on the transient start-up process of the BDDCPS. This paper will discuss the three common acceleration methods for the motor start-up process: linear acceleration (constant acceleration), constant power acceleration, and soft start. It aims to find the most suitable and effective start-up method for the BDDCPS by examining and comparing the pump’s external characteristics, pressure field distribution, velocity field distribution, and hydraulic losses analysis under these three different start-up methods.




2. Methods


Figure 1 shows the structural system of the BDDCPS. The BDDCPS is composed of two parts: a bearingless permanent magnet slice motor and a centrifugal pump with an “L”-shaped vertical structure. There are two sets of windings on the stator, namely torque winding and suspension force winding. They are used to generate a suspension bias magnetic field. The rotor permanent magnet and centrifugal pump impeller are integrated and placed together in the rear chamber of the centrifugal pump, which is driven by the motor magnetic field for operation. A displacement sensor is installed in the air gap of the motor to detect the positional information of the impeller rotor. When the BDDCPS operates normally, the impeller rotor is in a magnetic levitation high-speed rotational state, which can realize shaftless rotation. The torque winding part of the BPMSM provides the power for pump rotation, and its torque winding part is equivalent to a regular permanent magnet synchronous motor. Therefore, the motion equation of BPMSM can be represented through the application of a permanent magnet synchronous motor, as follows:


   J   p M      d  ω r    d t   =  T e  −  T L   



(1)




where Te is electromagnetic torque; TL is load torque, which is the pump; J represents the moment of inertia; ωr represents rotor angular velocity; and pM is the torque winding’s pole pairs.



2.1. Axial Suspension Principle


When the permanent magnet thin rotor of the motor is flush with the center position of the stator teeth, the magnetic circuit in the air gap is shortest, and the magnetic resistance is at a minimum. When the permanent magnet rotor deviates or twists from the balance position due to external force interference, the air gap balance is broken, and the magnetic resistance increases. According to the “magnetic resistance minimum principle”, in order to minimize the magnetic resistance of the magnetic circuit, the magnetic field will generate a magnetic pulling force in the opposite direction of the external force, forcing the rotor to return to its equilibrium position.



As shown in Figure 2a, when the motor rotor deviates up and down at the equilibrium position, the electromagnetic force in the x direction after orthogonal decomposition is zero, the resultant force in the y direction is y0, and the magnetic force y0 pulls the rotor back to the equilibrium position.



When the motor rotor occurs in the axial torsion, as shown in Figure 2b, the average air gap is changed; then, the electromagnetic force produces a torque in the opposite direction of motion to realize the return of the rotor. To sum up, it can be seen that the rotor can achieve passive suspension in the axial direction of 3 degrees of freedom based on the “magnetic resistance minimum principle”.




2.2. Radial Suspension Principle


Figure 3 shows the principle of radial suspension force production under the no-load condition. The motor combined 4-pole torque windings NMa, NMb and 2-pole suspension windings NBa, NBb in the same stator slots. The currents in the 4-pole torque windings generate 4-pole magnetic field ΨM, and the currents in the 2-pole suspension windings generate 2-pole magnetic fluxes ΨB. When the 4-pole magnetic field generated by torque windings and the 2-pole magnetic field generated by suspension windings interact with each other, the flux’s density in the negative direction of the x-axis increases, but the flux’s density in the direction of the x-axis decreases. Therefore, the unbalanced gap flux density results in the production of the radial force Fx in the negative x-direction. In addition, another 2-pole suspension winding, which is perpendicular to windings, can produce the radial force in the y-direction. Therefore, the size and direction of the radial suspension force can be controlled by controlling the size and direction of the current of the suspension windings, and the stable operation of the motor can also be realized [16,17].




2.3. Three-Dimensional Model of the BDDCPS


In the BDDCPS, the impeller rotor mainly relies on the magnetic field of BPMSM for suspension. After the above verification, the BPMSM can control the movement of the impeller reliably and effectively. This is the usual situation when the system runs a stable operation after the start-up process. BDDCPS is a multivariable, nonlinear, and strongly coupled system. Realizing the dynamic equilibrium of the impeller rotor not only simplifies the difficulties of calculation and decoupling but is also the key to ensuring smooth operation of the system. Compared to stable operation, parameters such as flow rate, head, pressure field distribution and velocity field distribution will change dramatically in a short time during the start-up process. Because the BDDCPS adopts a special structure of magnetic suspension, the strong and dramatic changes mentioned above can cause excessive hydraulic impact, leading to significant displacement of the impeller rotor [18,19]. It is a fatal problem that can cause a severe collision between the impeller and the pump casing, unnecessary impeller wear, deteriorating system performance, and reductions in service life [20]. In particularly severe cases, there is a risk of device suspension failure, leading to system collapse. This is catastrophic for the semiconductor manufacturing industry, which aims for precision, and for the biomedical field, where safety comes first. Only by addressing these issues can BDDCPS make progress in the aforementioned fields. Therefore, it is crucial to maintain smooth changes in the BDDCPS during the start-up process within a short time. In other words, uniform changes in external characteristics, pressure fields and velocity fields are crucial during the start-up process. In order to ensure that the centrifugal pump can smoothly start the pump, this paper set three different start-up methods to discover the optimum operation of the pump start-up method.



The characteristic parameters of the pump are shown in Table 1. The model pump is a single-stage single-suction centrifugal pump, with clean water as the flow medium and a density of ρ = 1000 kg/m3.



By referring to the relevant empirical design formulas in the “Modern Pump Theory and Design” [21], the reference external dimensions of each component of the pump can be calculated. The parameters are shown in Table 2.



According to the structural parameters described in Table 2, a three-dimensional model of the flow-field calculation domain of the centrifugal pump is constructed using the mechanical design software, UG 12.0. The main components include the impeller, volute, pump chamber, inlet and outlet, and its extension section. Considering that the permanent magnet rotor and centrifugal pump impeller of BPMSM are integrated structures, the rear chamber of the centrifugal pump has been redesigned. The rear chamber is slightly longer than the axial length of the permanent magnet rotor to facilitate the placement of the permanent magnet rotor. The model pump is equipped with an inlet extension section of 6 times the pipe diameter and an outlet extension section of 8 times the pipe diameter. The three-dimensional model of the entire centrifugal pump flow field is shown in Figure 4. The radial eccentric displacement of the rotor is shown in Figure 5. The black circle indicates that the rotor is in the center position. The red circles show the position of the rotor at the maximum displacement of the X-axis. The maximum radial eccentric displacement is 3 mm, the diameter of the spiral casing base circle is 78 mm, and the outlet diameter of the impeller is 70 mm. This means that the minimum gap between the impeller and pump head is 1 mm.




2.4. Numerical Calculation


Due to the non-uniform spatial distribution of the internal flow field of the pump, the turbulent and irregular flow characteristics may make it difficult to directly solve the N-S equation (the most basic fluid motion equation). Therefore, the turbulence model is introduced to study this issue.



According to the number of differential equations, turbulence models can be divided into two equation models, one equation model, and zero equation models. Among them, the series k-ε (standard k-ε, RNG k-ε, and realizable k-ε) and series k-ω (standard k-ω and SST k-ω) are widely used in the numerical calculation of fluid machinery.



Considering that the internal flow of the pump is three-dimensional and involves high Reynolds number turbulence, this study needs a stable and widely applicable turbulence model. The standard k-ε model can predict complex fluid length scale distributions and solve the turbulent stresses through the two equations of turbulent kinetic energy and dissipation rate [22]. At the same time, the standard k-ε is widely used for solving engineering flow field problems because of its good efficiency and economy. Therefore, the standard k-ε model is selected to simulate the transient start-up process of the pump.



Assuming that the flow inside the pump is the fully developed turbulent flow, ignoring the molecular viscosity characteristics, the turbulent viscosity μt is expressed as follows:


   μ t  = ρ  C μ     k 2   ε   



(2)







The turbulent kinetic energy k and dissipation rate ε can be expressed, respectively, as follows:


    ∂ ρ k   ∂ t   +   ∂ ρ k  u j    ∂  x j    =  ∂  ∂  x j    [ ( μ +    μ t     σ k    )   ∂ k   ∂  x j    ] +  G k  +  G b  − ρ ε −  Y m   



(3)






    ∂ ρ ε  u j    ∂  x j    =  ∂  ∂  x j    [ ( μ +    μ t     σ ε    )   ∂ ε   ∂  x j    ] +  C  1 ε    ε k  (  G k  +  C  3 ε    G b  ) −  C  2 ε   ρ    ε 2   k   



(4)




where Gk is the turbulent kinetic energy generated by the average velocity gradient; Gb is the turbulent kinetic energy generated by buoyancy; Ym is the effect of turbulent pulsation expansion on the total dissipation rate; uj is the velocity of flow; C1ε, C2ε, C3ε are 1.44, 1.92, and 0.09, respectively; Cμ, σk and σε are 0.09, 1.0 and 1.3, respectively [23].



The grid is the foundation of discretization of the control equation space, and grid independence verification is an effective way to test whether the number of grids affects the calculation results of the model. The ICEM-CFD module in ANSYS 2021R2 software was used to complete the grid division of each calculation domain of the model pump. Considering the significant degree of distortion in the blade structure and the complexity of the structure at the volute tongue, tetrahedral unstructured grids are selected for the two main flow components of the model pump, as shown in Figure 6. The mesh refinement is performed on the tongue area of the volute.



To verify the independence of the grid, this paper has established 5 sets of grid models with different numbers and has analyzed the calculation results of head and efficiency, as shown in Table 3. When the total number of grids is over 6.34 million, there is no significant difference in the efficiency calculation results. The amplitude of head change tends to stabilize with the increase in grid numbers; here, the amplitude of head change is less than 2%. The impact of grid differences on the calculation results can be ignored. Considering the limited computing resources, the total number of grids selected for the model pump in this study is 6.34 million.



ANSYS CFX 2021R2 software was used to conduct unsteady numerical simulations of the transient start-up process of the model pump. The pressure inlet p is set to 1 atm, and the mass flow outlet ms to 3.8888 kg/s. The surfaces of the blade and the front of the impeller, as well as the surfaces of the blade and the rear cover plates of the impeller, are designated as rotating wall surfaces. The wall surfaces of the stationary components are assigned non-sliding wall conditions. The dynamic and static interfaces are set at the intersection of the rotating and stationary domains, specifically between the impeller and the volute, the impeller and the rear chamber, and the impeller and the inlet section. The frozen rotor connection mode is utilized. For its wide applicability and high stability, the standard k-ε turbulence model is chosen for subsequent research. In the ‘Global Initialization’ module of the ANSYS CFX software, the initial speed and initial time were set to zero to define the initialization conditions. The residual convergence accuracy of the simulation is 10−4, with a time step of 4° rotation (i.e., 0.0001111 s). It simulates 22 rotation cycles, resulting in a total duration of 0.2199978 s.





3. Results and Discussion


During the start-up process of the centrifugal pump, the rotational speed accelerates rapidly from a standstill to its final speed; meanwhile, the flow rate and total dynamic pressure rise are boosted accordingly. Since a change in the speed of the pump is the transient cause leading to variation in the pressure and flow velocity [24], it is necessary to set different speed change strategies to explore the characteristics of the transient start-up process.



3.1. External Characteristic Analysis


The user-defined function CEL in ANSYS CFX software was used to write the speed variation pattern, achieving accurate descriptions of the impeller speed rise process. The function of speed is as follows:


   N t  = (  n   T tol    ⋅ t ) ⋅ s t e p (  T tol  − t ) + n ⋅ [ 1 − s t e p (  T tol  − t ) ]  



(5)




where Nt is transient speed; n = 6000 r/min is the rated speed; Ttol is star-up time (i.e., the time when the impeller speed rises to the rated speed); t is the total calculation time. And step(x) is a piecewise function, when x > 0, step(x) = 1; when x = 0, step(x) = 0.5; when x < 0, step(x) = 0.



There are three common acceleration methods during the motor start-up process: linear acceleration (constant acceleration), constant power acceleration, and soft start. To simulate these three start-up methods, simple mathematical function models were established. The first type of speed–time curve is a straight line, the second type of speed–time curve is similar to a parabola that quadratically functions downwards along the opening, and the third type of speed–time curve is similar to a parabola that quadratically functions upwards along the opening. For the sake of facilitating a more intuitive comparison, this paper has simplified the quadratic function by setting the time required to reach the set speed from zero to be consistent with the linear equation. The CEL expressions for the three start-up methods are as follows:


   Method   1 :        N t  = ( n ⋅ [ r e v m i  n  − 1   ] /  T tol  / 1 [ s ] ) ⋅ ( t / 1 [ s ] ) ⋅ s t e p (  T tol  / 1 [ s ] − t / 1 [ s ] )     + n ⋅ [ r e v m i  n  − 1   ] ⋅ [ 1 − s t e p (  T tol  / 1 [ s ] − t / 1 [ s ] ) ]     



(6)






   Method   2 :        N t  = ( − n ⋅ [ r e v m i  n  − 1   ] /  T  tol  2  ) ⋅ ( ( t / 1 [ s ] ) 2 − 2  T  tol   ⋅ t / 1 [ s ] +  T  tol  2  )         ⋅ s t e p ( (  T  tol   [ s ] − t ) / 1 [ s ] )         + n ⋅ [ r e v m i  n  − 1   ] ⋅ ( 1 − s t e p ( (  T  tol   [ s ] − t ) / 1 [ s ] ) )     



(7)






   Method   3 :        N t  = ( ( n ⋅ [ r e v m i  n  − 1   ] /  T  tol  2  ) ⋅ ( t / 1 [ s ] ) 2 ) ⋅ s t e p ( (  T  tol   [ s ] − t ) / 1 [ s ] )     + n ⋅ [ r e v m i  n  − 1   ] ⋅ ( 1 − s t e p ( (  T  tol   [ s ] − t ) / 1 [ s ] ) )     



(8)




where time = t/1[s] and ns =n · [revmin−1] are the dimensionless processing of time and speed variables.



According to the simulation results of the motor control system, it can be seen that under the load of a centrifugal pump, the time required for the motor speed to rise from zero to 6000 r/min was 0.07 s, so Ttol = 0.07 s.



Figure 7 shows the variation in the speed and head of the centrifugal pump with time under the three start-up methods. Figure 7a shows that at any time during the start-up process of the centrifugal pump, the speed of method 2 is higher than that of method 1 and method 3. What is more, the speed growth rate of method 2 is the highest among the three start-up methods. From Figure 7b, it can be seen that during the start-up process from 0 to 0.07 s, the transient head of both methods 1 and 2 show a gradually increasing trend, while the transient head of method 3 shows a slow decrease and then a rapid increase. Method 3 reaches the minimum head value at t = 0.05 s and then begins to rise sharply. The head growth rate of method 3 during the period from t = 0.05 s to t = 0.07 s is significantly faster than the other two methods. In addition, the curve of method 3 intersects with the curves of method 1 and method 2. Before t = 0.02 s, the transient head of method 3 is the largest among all the methods, and after t = 0.025 s, the transient head of method 3 is the smallest among all the methods. Method 2 first reaches the design value of the head, followed by method 1, then method 3. When the pump runs to the rated speed, the transient heads of all three methods are greater than the design value. The reason is that the transient head of the pump includes the head under stable operating conditions and the additional head generated by inertia during the acceleration process. Because the additional head has been taken into consideration, the calculated head during the transient start-up process of the centrifugal pump is slightly higher than the designed value.



According to references [25,26], it is both fundamental and necessary to clarify the relationship between the pump flow and head, as well as flow and efficiency, when specifying the pump of study. The relevant curves studied in this paper are shown in Figure 8.



In Figure 8, the pump efficiency shows a pattern of initially increasing and then decreasing. The highest efficiency value is observed at the design flow rate (i.e., 1.0 Q), which is approximately 72.3%. There exists a linear relationship between the flow rate and the head, with the head showing a decreasing trend as the flow rate increases. By analyzing the differences in the head between different flow rates, it can be noted that the change in head between 0.6 Q and 1.0 Q is smaller than that between 1.0 Q and 1.4 Q. Consequently, it can be concluded that an increase in flow rate has a significant impact on the head.




3.2. Pressure Field Analysis


Pressure field analysis assesses the pressure distribution on the impeller and volute section at six moments during the transient start-up process. The six moments are: tA = 0.0199998 s, tB = 0.0399996 s, tC = 0.059994 s, tD = 0.0699993 s, tE = 0.07999992 s, and tF = 0.119988 s. The specific results of pressure distribution in three types of start-up method are shown in Figure 9a–f.



At time tA of the start-up process, the section pressure of method 2 is the highest, and of method 3 is the lowest. The pressure distribution at the impeller and volute section of method 1 and method 3 is relatively uniform, and a clear pressure gradient appears in the section of method 2. The pressure on the impeller section of all methods gradually increases from the inlet to the outlet direction of the impeller, but method 2 shows a small area of low-pressure zone in the upper half of the impeller section. At time tB, the pressure distribution on the impeller and volute section of all methods is uniform in space. By comparison with the previous moment, it can be said that the pressure gradient of method 2 is less than that at time tA. There is no low-pressure zone in the upper half of the impeller section. The pressure value of method 3 has increased compared to time tA. At time tC, the pump is at the stage of the speed rising rapidly, and the pressure gradient of the impeller section in method 1 and method 2 has increased compared with tB time. However, at the same time, there is an uneven pressure distribution in the blade section of method 1, and a large low-pressure area appears at the impeller inlet, with a low-pressure area concentrated in the upper half of the impeller section. In method 2, the pressure distribution at the same radius is more uniform than in method 1, but there is still a small amount of low-pressure zone in the lower half of the impeller section. At time tD, the pump has completed the transient start-up process. It is evident that the cross-sectional pressure between the impeller and volute of the pump started in method 1 and method 3 increases significantly compared to the previous moment, while the cross-sectional pressure between the impeller and volute of method 2 does not change much compared to the previous moment. The trend of this change is mainly related to the start-up characteristics of method 2. In the early stage of the pump start-up process, the speed of method 2 increases rapidly, but the speed of increase gradually slows down near the start-up time. At time tE, the pump completes the transient start-up process, but its operation is not smooth, and the pressure distribution between the impeller and the volute section under the three methods is still different. The cross-sectional pressure of the volute in method 3 is the lowest among all, while the cross-sectional pressure of the volute in method 2 is the highest, and the outlet section of the volute had developed into a relatively high-pressure zone. At time tF, the pump completes the transient start-up process and realizes a smooth operation. The pressure distribution at the impeller and volute section under all methods is, in essence, consistent, and the outlet section of the volute develops into a high-pressure zone with little difference in pressure values. The pressure difference only exists in the area of the low-pressure zone at the blade inlet of the impeller section. Among them, method 3 has the largest low-pressure area, method 1 has the smallest low-pressure area, and method 2 is in between the two methods.



To further analyze the distinctions among the three start-up methods, a reference point was chosen at the impeller’s edge in the 12 o’clock direction. There is not much difference between the three methods from time tE to time tF. Meanwhile, before time tD, there were significant differences.



As shown in Table 4, the values of method 2 are higher than the other two methods at each stage. At time tC, the pressure changes are the most significant, each increasing by 55.5%, 56.4%, and 61.43% compared to the previous moment. It also confirms that method 1 possesses the smoothest changes. At time tD, when the pump has completed the transient start-up process, the pressure value of method 2 is 22.3% higher than method 1 and 25.9% higher than method 3.




3.3. Velocity Field Analysis


The six time points which were described in Section 3.2 were selected to analyze the flow field velocity distribution characteristics of the pump under three start-up methods. The specific results are shown in Figure 10a–f.



At time tA of the start-up process, the velocity distribution of the three methods is quite different. The velocity on the impeller section of method 2 is the highest of the three, followed by method 1, and method 3 is the lowest. The reason is that method 2 is the quadratic function change law with the opening downwards. At the initial stage of the pump start-up, the head and flow increased rapidly, and a high speed would be achieved in a short time. Therefore, the relative velocity distribution at the impeller section of method 2 appeared obviously asymmetrical. The high-velocity area is concentrated at the position where the impeller section is near to the volute tongue. Due to the impeller at the relative velocity gradient being larger, a clear vortex is generated at the exit position of the blade. Compared with method 2, the velocity distribution at the impeller section of method 1 and method 3 is more uniform. At time tB, uneven velocity distribution begins to appear on the impeller section of method 1, and a relatively low-velocity zone appears in the blade region. A vortex is generated in the volute, and the flow state is poor. In contrast to the initial moments, the rate of speed and flow that increased during the start-up of method 2 gradually decreases over time. Therefore, the velocity of the impeller section presents a symmetrical distribution, with velocity increasing evenly from the inlet to the exit of the impeller channel. However, due to the unstable operation of the pump at this time, there is still a small amount of vortex in the outlet section of the volute. At time tC, the velocity distribution of the impeller and volute region in method 3 presents obvious asymmetry. Through the analysis of the characteristics of the start-up methods, it can be said that the pump that started with method 3 is in the situation of a slow growth in speed and flow in the first two stages; therefore, the velocity field distribution in the first two stages is not different. Then, it comes to time tC, where the pump is in a stage of rapid growth in speed and flow, resulting in a large velocity gradient at the impeller section. At time tD, in method 1, the velocity around the impeller starts to show a uniform increase compared with the previous time. The rate of velocity growth around the impeller during the start-up of method 2 is slightly slower compared to the previous instance. In contrast, the velocity growth rate around the impeller in method 3 experiences a sharp increase, resulting in a relatively high-velocity zone at the impeller blade outlet. Moreover, under the same radius scale, the velocity distribution at the blade position is uneven. This phenomenon corresponds to the speed curve in Figure 7. At 0.07 s, it is obvious that the speed increase rate of method 2 is the highest, followed by method 1, and method 3 is the lowest. After the time of tE, the pump completes the transient start-up process, and there is little difference in the velocity distribution between the impeller and volute region under the three start-up methods.



To further analyze the distinctions among the three start-up methods, a reference point was chosen at the impeller’s edge in the 12 o’clock direction. As in Section 3.2, there is no significant difference among the three methods at both time tE and time tF. Consequently, it is necessary to concentrate on the velocity field from tA to time tD.



As shown in Table 5, the values of method 2 are higher than the other two methods at each stage. While the drastic changes in velocity values for the three methods occur at different times, method 1 exhibits a relatively consistent pattern. Method 2 experiences the most significant variations at time tB, with a 7.0921 m/s increase compared to the previous moment, while method 3 displays the most significant changes at tD, with a 6.0794 m/s increase compared to the previous moment. At time tD, when the pump has completed the transient start-up process, the velocity value of method 2 is 21.4% higher than method 1 and 8.2% higher than method 3.




3.4. Hydraulic Losses Analysis


Hydraulic losses not only reflect the efficiency of the pump but can also indirectly support the analysis presented earlier. The flow components of a centrifugal pump mainly include the inlet pipe, impeller, volute casing, pump chamber, and outlet pipe. Considering the special structure of BDDCPS used in this study, the combined analysis of the pump chamber structure and volute casing structure was conducted to determine the hydraulic losses situation.



As is well known, liquid encounters friction, turbulence, and other resistances inside the pump, resulting in energy losses, known as hydraulic losses. The higher the hydraulic losses, the lower the energy conversion efficiency of the liquid within the centrifugal pump and the corresponding decrease in the head. Under the conditions of constant liquid viscosity and flow rate, in a sense, the head losses are highly intuitively variable, reflecting the hydraulic losses. Moreover, this relationship is positively correlated. Therefore, this paper uses head losses as the criterion to explore the impact of different start-up methods on the transient hydraulic performance of the centrifugal pump.



Figure 11 shows the head losses of various components of the pump under three different start-up methods during the entire calculation period. The analysis reveals that the head losses of the pump are mainly concentrated in the volute casing and impeller regions. Among them, the head losses in the volute casing region are the highest, followed by the impeller region, then those in the outlet pipe region are the lowest. The highest head losses in the volute casing are not only due to the dynamic interference between the impeller and volute casing but are also closely related to the unique structure of the pump. The impeller and the permanent magnet rotor of the motor are integrated and suspended together in the rear chamber of the pump. Therefore, it is necessary to add a rear chamber to accommodate the permanent magnet rotor. Compared with the conventional centrifugal pump structure, the axial length of the rear chamber in this study is longer. After the fluid passes through the impeller, a small portion enters the rear chamber and accumulates inside. When the impeller rotates, it continuously collides with the pump chamber wall, resulting in chaotic flow and increasing hydraulic losses.



Regarding the different start-up methods, in the volute casing region, method 2 has the highest head losses, followed by method 1, and method 3 has the lowest head losses. In the impeller region, method 2 has the highest head losses, followed by method 3, and method 1 has the lowest head losses. In summary, head losses of these three methods are 3.895 m, 4.153 m, and 4.061 m, respectively. Method 1 is still the lowest. To further analyze this phenomenon, this study calculates the head losses of all flow components of the pump and determines the percentage of loss in each region, as shown in Figure 12. Figure 12 shows that among the three transient start-up methods, both the impeller region and the outlet pipe region exhibit lower head losses in method 1 when compared to the other two start-up methods. Furthermore, the total head losses in method 1 are also lower than the other two methods. It indicates that the total hydraulic losses in method 1 are also the lowest, highlighting its superior efficiency. It is, therefore, obvious that method 1 stands out as the most efficient option.





4. Conclusions


The transient start-up process is in high demand in chemical engineering, nuclear energy, and other fields. The research content of this paper, especially the study of flow characteristics during the transient start-up process, may provide assistance for subsequent exploration.



In this paper, the 3D simulation model of the centrifugal pump was established, and the analysis of the transient start-up process of BDDCPS was completed. Non-constant numerical simulations were carried out for the pump in three transient start-up processes, and external characteristics, pressure field distribution, velocity field distribution, and hydraulic losses were obtained for comparative analysis. The conclusions were as follows:




	(a)

	
External characteristic analysis showed that there was a strong correlation between the transient head changes and the speed. In the early stage of start-up, the transient head of method 1 and method 2 showed a gradually increasing trend, and the transient head growth rate of method 2 was greater than that of method 1. Method 3 experienced a phenomenon of the transient head slowly decreasing and then sharply increasing during the initial start-up process.




	(b)

	
Pressure field analysis indicated that the pressure value of method 2 was the highest and that of method 3 was the lowest. With the three start-up methods, the internal pressure of the pump gradually increased with the duration of the operation, but the pressure change trends of the three were different. Method 2 developed into a high-pressure zone in a short period of time. Meanwhile, with method 3, the pressure was relatively low in the early stage of the start-up process, and then the pressure increased rapidly. Method 1 showed a uniform increase in the change pattern. At time tC, the pressure changes are the most significant, each increasing by 55.5%, 56.4%, and 61.43% compared to the previous moment. At time tD, when the pump has completed the transient start-up process, the pressure value of method 2 is 22.3% higher than method 1 and 25.9% higher than method 3. It was obvious that the pressure change trends of the three methods were related to the start-up characteristics.




	(c)

	
Velocity field analysis expressed that at any time during the start-up process, the velocity distribution of the three start-up methods was quite different. The velocity on the impeller section of method 2 was the largest of the three, followed by method 1, and method 3 was the lowest. At the early stage of the start-up process, the speed and flow in the pump increased rapidly, and the velocity distribution of the impeller section showed obvious asymmetry. At the same radius scale, a high-velocity area appeared near the volute tongue, and the velocity gradient from the inlet section to the outlet section of the blade was steep. When the pump has completed the transient start-up process, the velocity value of method 2 is 21.4% higher than method 1 and 8.2% higher than method 3. When it finished the start-up process, the velocity distribution of the impeller section under the three start-up methods showed little difference, and the asymmetry of the velocity distribution was improved.




	(d)

	
Hydraulic losses analysis revealed that during all three start-up processes, hydraulic losses were mainly concentrated in the volute casing and impeller regions. In summary, for method 1, the hydraulic losses were 0.258 m less than method 2 and 0.166 m less than method 3. Therefore, method 1 was the most efficient start-up method for the BDDCPS.









Above all, conclusions can be drawn, as shown in Table 6. It was obvious that method 1 exhibited uniform variations in all external characteristics, pressure field, and velocity field. It also had the lowest hydraulic losses. It indicated the most stable hydraulic performance impact and comfortable external environment. It was an ideal start-up process for BDDCPS. Taking all factors into consideration, method 1 (i.e., linear start-up method) was the most suitable for BDDCPS. Method 2 showed the most significant variations in all analyses, including external characteristics, velocity field, and pressure field. It also had the highest hydraulic losses. This was a terrible and fatal state for the BDDCPS. Therefore, it was not a suitable method for BDDCPS. Method 3 had the smallest velocity distribution, but the head and pressure field presented a trend of first decreasing and then sharply increasing. It led to system instability. It also resulted in relatively high hydraulic losses. Similarly, it was also not a suitable method for BDDCPS.
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Figure 1. System structure of the BDDCPS. 
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Figure 2. Passive suspension principle of axial 3 degrees of freedom. 
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Figure 3. Principle of radial force generation. Red circles mean 2-pole suspension windings NBa, NBb. Black circles mean 4-pole torque windings NMa, NMb. 
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Figure 4. Computational domain model for centrifugal pumps. 
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Figure 5. Radial eccentric displacement of the rotor. The red circle shows the position of the rotor at the maximum displacement of the X-axis. The black line represents the center position of the rotor. 
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Figure 6. Mesh of impeller and volute in centrifugal pump. 
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Figure 7. Characteristic curves of speed and head in three types of start-up method. 
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Figure 8. Flow–head and flow–efficiency curves of centrifugal pump in different flow rates. 
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Figure 9. Result of pressure distribution in three types of start-up method at different times. (a) The result of pressure distribution in three types of start-up method at tA time. (b) The result of pressure distribution in three types of start-up method at tB time. (c) The result of pressure distribution in three types of start-up method at tC time. (d) The result of pressure distribution in three types of start-up method at tD time. (e) The result of pressure distribution in three types of start-up method at tE time. (f) The result of pressure distribution in three types of start-up method at tF time. 
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Figure 10. Result of velocity distribution in three types of start-up method at different times. (a) The result of velocity distribution in three types of start-up method at tA time. (b) The result of velocity distribution in three types of start-up method at tB time. (c) The result of velocity distribution in three types of start-up method at tC time. (d) The result of velocity distribution in three types of start-up method at tD time. (e) The result of velocity distribution in three types of start-up method at tE time. (f) The result of velocity distribution in three types of start-up method at tF time. 
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Figure 11. Hydraulic losses of centrifugal pump in three types of start-up method. 
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Figure 12. Proportion of losses of each component in the pump. 
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Table 1. Design parameters of centrifugal pump.
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	Power
	Flow
	Head
	Speed
	Specific Speed





	P = 4 kW
	Q = 14 m3/h
	H = 20 m
	n = 6000 r/min
	ns = 145










 





Table 2. Structural parameters of the pump.
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Parameters






	
Number of blades

	
Z = 6

	
Width of the impeller out (mm)

	
b1 = 10




	
Blade wrap angle

	
α = 120°

	
Diameter of spiral casing base circle (mm)

	
D0 = 78




	
Blade outlet angle

	
β = 25°

	
Width of volute inlet (mm)

	
b2 = 18




	
Inlet diameter of pump (mm)

	
Di1 = 40

	
Outer diameter of pump chamber (mm)

	
D1 = 74




	
Outlet diameter of pump (mm)

	
Do1 = 36

	
Inner diameter of pump chamber (mm)

	
D2 = 70




	
Inlet diameter of impeller (mm)

	
Di2 = 36

	
Thickness of pump chamber (mm)

	
b3 = 4




	
Outlet diameter of impeller (mm)

	
Do2 = 70

	
Axial length of pump rear chamber (mm)

	
L = 36











 





Table 3. Mesh independence verification.
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	Serial Number
	Number of Grid/Million
	Efficiency/%
	Head/m
	Head Error/%





	1
	4.08
	74.21
	19.17
	4.15



	2
	5.22
	73.02
	19.41
	2.95



	3
	6.34
	72.34
	20.31
	1.55



	4
	7.28
	72.31
	20.32
	1.61



	5
	8.19
	72.29
	20.33
	1.65










 





Table 4. Pressure in three methods at different times.
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	Time
	Method 1
	Method 2
	Method 3





	tA
	0.10391 MPa
	0.12042 MPa
	0.09213 MPa



	tB
	0.12113 MPa
	0.16613 MPa
	0.09534 MPa



	tC
	0.18841 MPa
	0.25986 MPa
	0.15391 MPa



	tD
	0.24312 MPa
	0.29734 MPa
	0.23617 MPa










 





Table 5. Velocity in three methods at different times.
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	Time
	Method 1
	Method 2
	Method 3





	tA
	3.2159 m/s
	5.0103 m/s
	1.3571 m/s



	tB
	7.3228 m/s
	12.1024 m/s
	4.3175 m/s



	tC
	11.2415 m/s
	13.956 m/s
	8.6632 m/s



	tD
	13.1231 m/s
	15.9338 m/s
	14.7426 m/s










 





Table 6. Performance of three different start-up methods.
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	Analysis
	Method 1
	Method 2
	Method 3





	External characteristics
	Higher and linear changes
	Highest and more drastic changes
	Lowest and irregular changes



	Pressure field
	Higher pressure and smooth changes
	Highest pressure and drastic changes
	Lowest pressure and irregular changes



	Velocity field
	Higher velocity and uniform changes
	Highest velocity and drastic changes
	Lowest velocity and irregular changes



	Hydraulic losses
	Lowest hydraulic losses
	Highest hydraulic losses
	Higher hydraulic losses



	Conclusion
	Suitable
	Inappropriate
	Inappropriate
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